The cerebral glucose utilization rate was studied for 27 normal volunteers with 18F-deoxyglucose positron emission tomography (PET). The scanner has a spatial resolution of 6-7 mm and contains corrections for scatter, attenuation, and random coincidences. The lumped constant (tracer-to-glucose dynamic uptake ratio) was determined by comparing the average global uptake of tracer in representative slices with average glucose utilization rates measured by the Kety-Schmidt method as reported in the literature. The resulting value of 0.50 is in excellent agreement with a recent direct determination done by arterial and jugular bulb blood sampling. Gray
The use of 14C-radiolabeled deoxy glucose to de termine local glucose metabolic rates in laboratory animals was introduced by Sokoloff et aI. (1977) , using autoradiographic methods that permit a clear definition of gray and white matter structures in the brain and accurate quantification of the radioactive uptake. This technique was applied by Kennedy et aI. (1978) to measure local glucose utilization rates in the brain of the macaque monkey, and was also modified for use in humans using 18F-deoxyglucose (FDG) and positron emission tomography (PET) (Phelps et aI., 1979; Reivich et aI., 1979) . Unfortu nately, PET scanning suffers from serious instru mental problems, such as limited spatial resolution and gamma-ray scatter and attenuation (Hoffman et aI., 1979; Mazziotta et aI., 1981b; Bergstrom et aI., 1983) . Consequently, glucose utilization rates mea sured with the first manufactured PET scanner (Huang et aI., 1980; Mazziotta et aI., 1981a) and white matter values of glucose utilization in various areas of the brain were determined by placing small re gions of interest over various cortical, basal, and white matter structures. These values are within 20% of pub lished auto radiographic data on the macaque monkey. The average ratio of gray to white glucose utilization was 2.9, compared with a range of 3-5 for the monkey study and 1.6-2.2 reported in previous PET studies. The effect of instrumental errors on the results is analyzed and dis cussed. Key Words: Cerebral metabolism-Glucose Metabolism-Positron.
showed a gray-to-white ratio of �2: 1, compared with >4: 1 in the autoradiographic studies. Recent improvements in PET instrumentation (e.g., Litton et aI., 1984; Brooks et aI., 1985; Hoffman et aI., 1985) have reduced the instrumentational errors and should make possible a more precise determi nation of human cerebral glucose metabolism.
Another source of concern in measuring glucose metabolism with FDG is the lumped constant LC (Sokoloff et aI., 1977) , which is a measure of the relative dynamic uptake of FDG and glucose. Various values of LC have been reported since the first published value of 0.42 (Phelps et aI., 1979) , and questions of methodology have been raised. Accordingly, we have recalculated LC for a popula tion of 27 normal volunteers, using a variation of the original Phelps method that eliminates partial volume errors. These results, along with the deter mination of regional glucose metabolic rates, are reported.
MATERIALS AND METHODS
PET scans of 27 volunteers with no known CNS pa thology were performed between March 1983 and August 1986. There were 19 men and 8 women with a mean age of 38 years (20-66 years). The diagnosis of CNS nor mality was based on clinical examination and psycholog ical testing. No subject was receiving medication with known CNS effects. All subjects signed an informed con sent form after receiving a full explanation of the proce dures.
Patients were scanned in a fasting state with partial sensory deprivation (ears plugged and eyes patched). A dose of 3-5 mCi of FDG was injected into an arm vein, following which periodic blood samples were taken from a vein in the contralateral heated hand. Plasma glucose concentration was measured in a Beckman model 2 glu cose analyzer and 1 8F plasma concentration in a Beckman gamma 8000 well counter.
Scanning began 35-45 min after injection with the Neuro-PET scanner (Brooks et aI., 1985) , which has a spatial resolution of 6 mm full width at half-maximum (FWHM) at the center of the image and 7 mm in the re gion of the cerebral cortex. The slice thickness is 10-13 mm FWHM, depending on position within the image and whether the slice is true or cross (cross slices are formed from detection events in adjacent rings). Two or three scans were performed per study at different couch posi tions, each yielding seven images with a center-to-center spacing of 11.5 mm. Each scan took 10 min, and there were generally between 4 and 10 million coincidence events per image.
The glucose utilization rate R was calculated using the Sokoloff model (Sokoloff et aI., 1977) and an operational equation that includes a phosphatase correction (Brooks, 1982) . Values of the FDG kinetic rate constants (k 1 -k4) were taken from the work of Phelps et al. (1979) ; since these rate constants appear only in the correction terms in the equation, exact knowledge of them is not critical.
The LC value of 0.52 reported by Reivich et al. (1985) was used, as will be discussed later.
An independent determination of the lumped constant was made using a modification of the Phelps method as follows: Global metabolic rates were calculated with a lumped constant of unity, i.e., assuming temporarily that FDG competes equally with glucose. This was done for five supratentorial levels in each study, using an elliptical region of interest that completely encompassed the brain. This calculation was done with both white and gray matter rate constants, and the average of the two deter minations was used. Since they differed by <4%, the as sumption of equal white and gray weighting introduced negligible error. The values at the five levels were then averaged together and weighted by the corresponding brain area, and finally the results were averaged over all 27 studies. The ratio of this value to the average brain glucose utilization determined by direct arterial-venous measurement of glucose concentration and blood flow using the Kety-Schmidt method is effectively the lumped constant for FDG.
Glucose utilization rates were determined for white and gray matter areas as listed in Ta ble I. Readings were taken using small regions of interest placed in the slice or slices that best showed the desired structure. For white matter in the centrum semiovale, a 10 x 20-mm ellipse was used, centered within the white matter area. For basal ganglia, a 5-mm circle was placed at the central peak reading, since the recovery coefficient for small structures is known to be best at the center (Hoffman et aI., 1979) . For cortical gray matter, a series of abutting
lO-mm diameter circles was placed along the desired cor tical lobe. Examples of region-of-interest placement are shown in Fig. 1 .
RESULTS
The average global glucose uptake, using a lumped constant of unity, was 15.0 ± 2.6 (SD) /-lmolllOO mllmin. Dividing this by the average Kety-Schmidt value compiled by Phelps et al. (1979) of 29.9 ± 4.3, we obtain an LC of 0.50. Be cause of the good agreement with the Reivich value of 0.52 (see Discussion), the Reivich value has been used in all subsequent calculations.
Ta ble 1 shows the average and standard devia tions of the regional glucose utilization rates in the 27 subjects. Also included in the table is a compar ison with previous PET data and autoradiographic data in the monkey. The average gray-to-white ratio in our study, obtained by averaging over all gray and white areas separately, with equal weight, is 2.9.
DISCUSSION

Lumped constant
The lumped constant of 0.50 is 19% higher than the Phelps et al. value of 0.42 (1979) , but is in ex cellent agreement with the 0.52 value of Reivich et al. (1985) . Reivich et al. 's result was determined di rectly by a model-independent steady-state tech nique, using arterial and jugular bulb measurements of glucose and FDG concentrations in nine normal subjects. The agreement is within the statistical error (5% SEM) reported by Reivich et al. The sta tistical error of the present result is not presented because although the PET uncertainty is known (3% SEM), there is no meaningful error estimate for the literature-derived Kety-Schmidt average value. The actual values compiled by Phelps et al. ranged from 25 to 34 /-lmol/lOO mllmin and the SEM is 6.4%, but this assumes that the values are from a normally distributed sample, which is not valid. It is of more than passing interest that an earlier survey made by Sokoloff (1960) When comparing our result with that from the Kety-Schmidt method used by Reivich et aI., it must be recognized that our PET measurement in- Average gray-to-white ratio 2.9 4. 7 1.4
The previous positron emission tomography (PE T) data have been recalculated with a lumped constant of 0.52 (see text), and the monkey results were obtained with a lumped con stant of 0.344. Values are expressed as fLmol glucose!! 00 mlimin, with SDs in parentheses.
a Auditory cortex. b Unweighted average of all regions, excluding cerebellum and auditory cortex.
cludes CSF and does not include the cerebellum. Reivich et ai. have estimated that the CSF volume at typical levels used in our PET study is 6%, pro ducing a corresponding underestimate of FDG up take. The contribution of the cerebellum to the Kety-Schmidt measurement can be estimated by multiplying the cerebellum-to-whole-brain volume ratio of 1: 9 (Gray and Goss, 1973) by the blood flow ratio of 2:3 (assumed to be proportional to meta bolic rates as given by Mazziotta et aI., 1981b) . The result is a 1: 13 cerebellar-to-whole-brain blood flow ratio which means that the PET measurement over estimates the average FDG uptake by 3%. If we combined these two error estimates, we would ob tain a corrected lumped constant of 0.515, almost identical to the Reivich et ai. value. As pointed out by Reivich et aI., the original Phelps lumped constant, which has been used al most universally in PET studies, was calculated from separate measurements of white and gray matter metabolism that suffered from partial volume errors due to limited scanner resolution. The present method avoids partial volume errors by utilizing global measurements taken from each PET image.
In this connection, it is of interest to mention the average global metabolic rate reported by Maz ziotta et al. (1981a) for the cerebral hemispheres, namely, 37.4 j.1molll00 mllmin (n = 7), using LC = 0.42. [The LC of 0.38 mentioned in the article also includes a 10% correction for skull attenuation (pri vate communication).] This result would be consis tent with the average Kety-Schmidt value used by Phelps et ai. if the lumped constant were readjusted to 0.53, which again is in excellent agreement with the Reivich et al. value. However, agreement would not be reached if one used Mazziotta et aI.' s reported "whole-brain" value, which is a 2: 1 weighted average of the cerebral and cerebellar values, whereas the actual weighting, as noted above, is � 12: 1.
The effect of using a lumped constant that is too low is to increase the apparent metabolic rates, which tends to counteract the partial volume error for gray matter structures. Indeed, it could be ar gued that this is desirable, since most metabolic studies focus on gray matter. On the other hand, such an approach commingles two errors, one of which is constant while the other varies from struc ture to structure. If one wished to correct for the partial volume error, a better approach would be to apply a recovery coefficient tailored to the struc ture under study (Wong et aI., 1986) .
The use of a wrong lumped constant can also lead to inconsistent utilization ratios for glucose and oxygen, since both are affected equally by par tial volume error, but only glucose values are af fected by the lumped constant. For example, Baron et al. (1985) report an oxygen-to-glucose molar ratio of 4.58, using LC = 0.42, compared with the directly measured value of 5.46 (Siesjo, 1978) . If their result is recalculated with LC = 0.52, the ratio becomes 5.67, in closer agreement. Similarly, Hatazawa (personal communication) found an ox ygen-to-glucose molar ratio of 3.82 using LC = 0.42 and without any correction for unmetabolized tracer (washout). If the glucose rate is reduced by 15% as an approximate washout correction, and LC is changed to 0.52, the resulting ratio is 5.53, again in excellent agreement with Siesjo's value. 
Comparison with autoradiography
If we exclude the auditory and visual areas of the cortex on the basis of differences in sensory stimu lation, we see that the measured human metabolic rates in gray matter are on the average 14% lower than the autoradiographic monkey data. As men-
tioned earlier, this is probably due mostly to partial volume errors. However, there is a difference be tween cortical and basal structures: The compa rable cortical areas (frontal, parietal, and cere bellar) are 21% lower, while the basal ganglia (cau date, putamen, thalamus) are only 8% lower. We believe this is related to the difference in region-of interest size, since the 5-mm region of interest is small compared with the size of the basal ganglia, while the 10-mm diameter for the cortex is often larger than parts of the cortical ribbon.
On the other hand, the white matter values we found are �25% higher than the auto radiographic values in the monkey. This discrepancy is not so easily explained, since the partial volume error should be less, owing to the greater size of the cen trum semiovale. We also do not believe it is related to scatter error, since the Neuro-PET incorporates a scatter correction that has been validated by phantom studies to produce scatter errors no more than �5% (Brooks et al., 1985) .
Comparison with previous PET
To compare the PET results properly, we recal culated the Mazziotta et al. values (198 1b) with the same lumped constant of 0.52 before presenting them in Ta ble 1. The present average gray matter value is 19% higher than the Mazziotta et al. values, but most of the difference (47%) is in the basal ganglia. There are probably two factors that contribute to the large difference in basal ganglia rates, beyond the difference in image resolution. One is the choice of region-of-interest size (see below). The other is the difference in longitudinal resolution, or slice thickness, of the two scanners (11 vs. 18 mm), remembering that the basal ganglia, unlike the cortex, have a very limited axial extent.
As for the cortex, most of the difference is in the frontal lobe, which is 15% higher in the present study, while, surprisingly enough, the other cortical areas show little difference. In this case, the re gion-of-interest strategy used by Mazziotta et al. (see below) may have partially compensated for the difference in scanner resolution. Another reason for the small cortical difference may be that their subjects did not have earplugs. Mazziotta et al. (1982) reported that six subjects with ears un plugged had a 76% higher average metabolic rate than nine subjects with ears plugged (!) and that most of this increase occurred in nonfrontal cortex. Specifically, they found that, without earplugs, the parietal metabolism increased by 5% relative to the frontal, and the lateralloccipital-to-frontal ratio in creased by 26%.
The Mazziotta et al. white matter metabolic rate of 23.3 /-lmo1l100 mllmin is 69% higher than the present value. This large difference is surprising, but, on the other hand, an earlier value of 15.3 (re calculated with LC = 0.52) reported for the same scanner (Huang et al., 1980) but using 2 to 3-cm2 regions of interest, is more comparable, being only 11% greater than the present values. We suspect that the use of anatomical atlases by Mazziotta et al. to determine regions of interest may have led to a large partial volume error in the white matter measurements.
Self-consistency
The average regional values for gray and white matter found in our study are 40.0 and 13.8 J..L molll00 mllmin, respectively. If we combine these with the 57: 43 mass ratio of gray to white matter reported by Miller et al. (1980) , we obtain an average brain metabolism of 28.7 compared with the globally determined value of 29.9 This agree ment to within 4% is reassuring, despite the varying partial volume errors on the regional measure ments.
Region-of-interest size
It is clear from the above discussions that the choice of region of interest has a strong effect on measured metabolic rates. In the auto radiographic studies, of course, this is not a problem, as samples much smaller than the structures involved may be taken, and the only question may be the relative weighting when combining samples. The region-of interest size is basically a compromise between smallness to maximize recovery coefficient versus largeness to minimize statistical error. The statistical problem can even lead to systematic errors if a small region of interest is positioned within a larger structure to obtain a peak reading, which would introduce a bias toward high values. We believe that our use of a 5-mm circle for the basal ganglia is justified because the positioning can be done anatomically rather than by "peak finding," and this explains why our basal ganglia values are much closer to those of autoradi ography and much greater than those of the pre vious PET study. On the other hand, our choice of a lO-mm region of interest for the cortex probably leads to a worse recovery coefficient than the atlas approach used by Mazziotta et al., because of the thinness of the cortex in many places and the fact that we do not weight more highly the cortex-rich regions. We have found that our cortical values can be increased by 10-15% by using smaller regions of interest and placing them in areas rich in cortical infoldings.
Intersubject variability
The standard deviation of the global metabolic rates for the 27 subjects was 17.5%. We have pre viously observed (Hatazawa et aI., 1987) that about half of the variance is correlated with brain size. Also contributing to the standard deviation are variations in lumped constant, rate constants (which affect the correction term), and method ologic errors such as poor blood curves. It appears likely, then, that the total glucose utilization by the brain is relatively constant from individual to indi vidual, perhaps to within 5%.
